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Non-small-cell lung cancer (NSCLC) remains the leading cause of cancer-related death worldwide. Accumulating 
researches have highlighted the ability of exosome-encapsulated microRNAs (miRNAs or miRs) as potential circulating 
biomarkers for lung cancer. �e current study aimed to evaluate the signi�cance of mesenchymal stem cells (MSCs)-derived 
exosomal miR-204 in the invasion, migration, and epithelial-mesenchymal transition (EMT) of NSCLC cells. Initially, the 
expression of miR-204 in human NSCLC tissues and cells was determined by RT-qPCR, which demonstrated that miR-204 
was downregulated in NSCLC tissues and cells. Next, Krüppel-like factor 7 (KLF7) was predicted and validated to be a target of 
miR-204 using dual-luciferase reporter gene assay. NSCLC A549 cells were treated with MSCs-derived exosomes, a�er which 
the migration and invasion of A549 cells were detected and expression of EMT-related proteins (E-cadherin, N-cadherin, 
and Vimentin), KLF7, p-AKT/AKT, and HIF-1α were measured. �e results of gain- and loss-of-function assays revealed 
that miR-204 overexpression in MSCs-derived exosomes inhibited KLF7 expression and the AKT/HIF-1α pathway activity, 
resulting in impaired cell migration, invasion, as well as EMT. In conclusion, the key �ndings of the current study demonstrate 
that exosomal miR-204 from MSCs possesses anticarcinogenic properties against NSCLC via the KLF7/AKT/HIF-1α axis. 
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As one of the most common types of cancers, lung cancer 
contributes to particularly high mortality in China, with 
non-small-cell lung cancer (NSCLC) accounting for the 
majority of lung cancer cases [1, 2]. Current therapeutic 
approaches for NSCLC are mainly composed of systemic 
therapy, radiotherapy, chemotherapy, and immunotherapy 
[3, 4]. More recently, mesenchymal stem cells (MSCs) have 
been implicated in the progression and development of 
multiple malignant tumors [5]. Accumulating evidence 
showed that MSCs mediated anti-tumor activity and inhib-
ited the growth of tumors [6]. MSCs have been highlighted 
recently to have a strong exosomal secretion capacity [7]. 
Furthermore, exosome-encapsulated microRNAs (miRNAs) 
can serve as predictive biomarkers for lung cancer [8]. �us, 
it is of great importance to elucidate the mechanism of 
exosomal miRNAs in NSCLC cells.

Exosomes act as signi�cant cell-cell communication 
entities in both physiological and pathological contexts 

by serving as carriers of various biomolecules, including 
miRNAs [9]. �us, they act as disease/cancer-speci�c 
biomarkers [10, 11]. For all the miRNA cargoes, exosomal 
miR-204-5p has been reported to induce apoptosis and 
sensitize breast cancer cells, glioma cells, lung cancer cells, 
and gastric cancer cells to 5-FU [12]. Additionally, miR-204 
is downregulated in NSCLC cells [13]. �e downregulated 
miR-204 is strongly correlated with poor overall survival 
rates in NSCLC patients [14]. Moreover, miR-204 was signi�-
cantly reduced in 5-FU resistant gastric cancer cells, demon-
strating mesenchymal features with declines in epithelial 
marker, while rises in mesenchymal markers [15], which 
implied the association between miR-204 and the process 
of epithelial-mesenchymal transition (EMT). During the 
current study, we utilized the Target Scan website (http://
www.targetscan.org/vert_72/) to identify a relationship 
between miR-204 and Krüppel-like factor 7 (KLF7). KLF7 
has been identi�ed as an oncogene in NSCLC by regulating 
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tumorigenesis and metastasis [16]. In addition, KLF7 
overexpression induced EMT and lymph node metastasis 
by mediating the expression of snail in oral squamous cell 
carcinoma [17]. Furthermore, the dysregulation of hypoxia-
inducible factor-1α (HIF-1α) has been found in NSCLC cells 
by regulating protein kinase B (AKT) [18]. �e involvement 
of HIF-1α, a component of HIF-1, in various cancer cells has 
been highlighted previously via modulating cell metastasis 
and tumor angiogenesis [19]. A recent study has reported 
the interaction between AKT and HIF-1α expression could 
exert great e�ects on the progression of NSCLC [20]. Inter-
estingly, miR-204-5p expression was reduced in esophageal 
squamous cell carcinoma, and miR-204-5p repressed the 
development of esophageal squamous cell carcinoma by 
blocking the PI3K/AKT pathway [21]. �us, we reasoned 
that MSCs-derived exosomes containing miR-204 could 
restrain NSCLC cell malignant phenotype via the KLF7/
HIF-1α/AKT axis.

Patients and methods

Ethics statement. �e current study was implemented 
with the authorization of the Ethics Committee of �e First 
A�liated Hospital of Gannan Medical University (Approval 
number: #20151109002) and based on the ethical principles 
for medical research involving human subjects of the Decla-
ration of Helsinki. Informed written consent was collected 
from each participant.

Bioinformatic analysis. At �rst, we screened out the 
miRNAs with high expression in MSC-derived exosomes 
in the EvmicroRNA database (http://bioinfo.life.hust.edu.

cn/EVmiRNA#!/) and miRNAs with poor expression in 
MSC-derived exosomes in the OncomiR database (http://
www.oncomir.org/). �e heatmap was plotted using the 
Venn website (http://bioinformatics.psb.ugent.be/cgi-bin/
liste/Venn/). Subsequently, the KM plotter website (http://
kmplot.com/analysis/index.php?p=background) predicted 
the survival rates of miR-204 of patients with lung adenocar-
cinoma (LUAD) and lung squamous cell carcinoma (LUSC) 
in �e Cancer Genome Atlas (TCGA) database. Moreover, 
the binding sites of miR-204 and KLF7 were predicted 
through Target Scan (http://www.targetscan.org/vert_72/).

Patient enrollment. Totally 61 primary NSCLC patients 
(45 males and 16 females; 54.36±5.21 years old) who had 
received lobectomy from January 2016 to January 2018 at 
the First A�liated Hospital of Gannan Medical University 
were enrolled in the study. None of the patients had received 
local or systemic radiotherapy and chemotherapy before the 
surgery. Resected tumor tissues and adjacent normal tissues 
(5 cm away from tumor tissues) were collected from each 
patient and immediately stored in liquid nitrogen at –80 °C. 
Bone marrow specimens were also collected from 5 patients 
(aged from 24 to 38 years) with osteonecrosis of the femoral 
head who were free of loss of height of the femoral head or 
diseases such as trauma, cardiovascular disease, or tumor. 
Table 1 shows the clinical stages of the NSCLC patients.

Cell culture. Normal pulmonary epithelial cell line 
BEAS-2B and NSCLC cells, A549, H1299, HCC2935, and 
ACC-LC-170 were from the Cell Bank of Shanghai Insti-
tutes for Biological Sciences, Chinese Academy of Sciences 
(Shanghai, China). �ese cells were grown in RPMI-1640 
medium supplemented with 10% fetal bovine serum (FBS) 
and the mixture of penicillin (100 U/ml) and streptomycin 
(100 mg/ml) in an incubator (DHP-9162, Jie Cheng Experi-
mental Apparatus, Shanghai, China) at 37 °C with 5% CO2 
and saturated humidity. �e fresh medium was replaced 
every 1–2 days, and upon reaching 80% con�uence, cells 
were sub-cultured.

Isolation and identi�cation of human MSCs (hMSCs). 
First, 10 ml bone marrow was extracted from the fracture 
end of the femoral sha� with a 20 ml syringe (containing 
2000 IU heparin) under the sterile conditions and then mixed 
with heparin rapidly. Bone marrow was centrifuged for 10 
min at 300×g to remove the supernatant and then rinsed 
with Dulbecco’s modi�ed Eagle’s medium (DMEM) three 
times. Next, the cells were subjected to incubation in 15 ml 
of medium, followed by the addition of the same volume of 
Ficoll-Paque™ lymphocyte separation solution (1.077 g/ml) 
for centrifugation at 900×g for 20 min. Nucleated cells were 
located in the interface and the upper �uid, and most of the 
red blood cells were deposited at the bottom. �e obtained 
nucleated cells were washed with 30 ml phosphate bu�er 
saline (PBS) three times, centrifuged at 300×g for 8 min, 
and dispersed with 5 ml cell culture medium. A total of 10 
μl cell suspension was then mixed with 490 μl PBS. �e cells 
(10 μl) were counted under the light microscope, and 1×105 

Table 1. �e clinical stages of the NSCLC patients.
Clinical information Case (n=61)
Gender

Male 45
Female 16

Age
≥50 51
<50 10

Classi�cation
T1 17
T2 11
T3 19
T4 14

N classi�cation
N0 13
N1 22
N2 21
N3 5

M classi�cation
M0 49
M1 12

Abbreviations: NSCLC-non-small-cell lung carcinoma
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cells were then inoculated in a culture bottle and cultured 
in 5 ml low-glucose DMEM at 37 °C with 5% CO2 and 
saturated humidity. �e alizarin red and oil red O were used 
to stain isolated hMSCs. �e positive and negative markers 
of hMSCs were detected by �ow cytometry. �e positive 
markers were CD44 (ab264539, Abcam, Cambridge, UK), 
CD73 (11-0909-42, Nuowei Biotechnology Co., Ltd., Beijing, 
China), CD90 (MA5-17747, �ermo Fisher, Waltham, MA, 
USA), and CD105 (ab11414, Abcam), and negative markers 
were CD34 (ab54208, Abcam), CD45 (69-0459-42, �ermo 
Fisher, Waltham, MA, USA), CD14 (ab183322, Abcam), and 
CD19 (ab134114, Abcam).

Extraction and characterization of exosomes. hMSCs 
were subjected to centrifugation to obtain the supernatant, 
from which the exosomes were extracted. Brie�y, condi-
tioned medium was collected every three days and centri-
fuged as follows: at 300×g for 10 min to remove cells from the 
conditioned medium; at 2,000×g for 20 min to remove dead 
cells from the conditioned medium, and at 10,000×g for 30 
min to remove cell debris and proteins from the conditioned 
medium. Finally, the supernatant was collected and �ltered 
using a 0.22 μm �lter and centrifuged at 120,000×g for 2 h. 
�e supernatant was discarded, and the separated precipi-
tate was precipitated with 100 μl PBS to obtain a suspension 
of exosomes. �e bicinchoninic acid (BCA) was utilized 
to assess the protein concentration of exosomes, and 20 μg 
protein was collected for sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) to measure exosome 
markers (CD63, CD81, TSG101, calnexin) using western blot 
analysis. �e size distribution of exosomes was measured by 
Zetasizer nano ZS (Malvern Panalytical Ltd., Malvern, UK). 
�e exosome suspension was �xed in 2% paraformaldehyde, 
2.5% glutaraldehyde, and 1% osmotic acid for 1.5 h. �e 
immobilized exosomes were subjected to dehydration with 
gradient ethanol, immersion in epoxy resin overnight, and 
then polymerization for 24 h at 60 °C. At last, the embedded 
vesicles, cutting into ultra-thin sections, were stained with 
lead and uranium salts and observed under TEM.

�e speci�c inhibitor GW4869 (HY-19363, MCE, USA) 
was used to restrain exosome secretion. To con�rm that 
miRNA was transmitted through exosomes, cells were �rst 
treated with 10 nm GW4869 or dimethyl sulfoxide (DMSO) 
as a control. �e MSCs transfected with miR-204 were placed 
into a 6-well plate. �e transfected MSCs were treated with 
GW4869 or DMSO and then co-cultured with A549 cells 
on a 6-well plate. A�er 48 h of incubation, the medium was 
collected to separate exosomes.

Co-culture of hMSCs-derived exosomes and NSCLC 
cells. A549 cells were cultured, and hMSCs were transfected 
with miR-204 mimic for 12 h. A�er that, hMSCs and A549 
cells were mixed at 1:1 and then seeded in a 96-well plate 
(100 cells/well) for a 2-day culture. �e �uorescence micro-
scope was used for observation and photograph. Meanwhile, 
exosomes (20 μg) were cultured with A549 cells for a period 
of 48 h for the subsequent experiments.

RNA isolation and quantitation. Total RNA was isolated 
using TRIzol reagent (15596-026, Invitrogen, Gaithersburg, 
MD, USA). �e optical density (OD) value and RNA concen-
tration at 260 nm and 280 nm were measured by a nucleic 
acid protein analyzer (BioPhotometer D30, Eppendorf, 
Hamburg, Germany). �e OD260 nm/OD280 nm between 1.8–2.0 
indicated the high RNA purity. Reverse transcription was 
conducted to synthesize complementary DNA (cDNA) using 
the reverse transcription Kit (K1621, Fermentas, Maryland, 
NY, USA). �e cDNA was preserved at –20 °C. Shanghai 
Genechem Co., Ltd. (Shanghai, China) was commissioned 
to design and synthesize primer sequences of miR-204, 
KLF7, and U6, glyceraldehyde phosphate dehydrogenase 
(GAPDH) (Table  2). mRNA expression was detected by 
�uorescence quantitative PCR kit (Takara, Dalian, China), 
and RT-qPCR analysis was performed in an ABI 7500 system 
(ABI, Foster City, CA, USA). With GAPDH or U6 serving 
as an internal reference, the relative expression of genes or 
miRNA was calculated based on relative quanti�cation (the 
2–ΔΔCt method).

Western blot analyses. Radioimmunoprecipitation 
assay (RIPA) lysis bu�er (R0010, Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China) was employed to 
extract total proteins or exosomes. �e protein concentration 
was assessed through BCA kits (20201ES76, Yisheng Biotech-
nology Co., Ltd., Shanghai, China). A�er being separated by 
SDS-PAGE, the protein was transferred to the polyvinyli-
dene �uoride (PVDF) membrane. A�er being blocked with 
5% BSA for 2 h, the membrane was incubated with primary 
antibodies at 4 °C overnight. �e following diluted antibodies 
were used: CD63 (1:1,000; ab59479, Abcam), CD81 (1:1,000; 
ABP53125, AmyJet Scienti�c Inc., Wuhan, China), TSG101 
(1:5,000; ab125011, Abcam), calnexin (1:2,000; ab92573, 
Abcam), E-cadherin (1:500; ABP51220, AmyJet Scienti�c), 
N-cadherin (1:5,000; 13116, Cell Signaling, Danvers, MA, 
USA), Vimentin (1:2,000; 5741, Cell Signaling), p-AKT 
(1:2,000; ab179463, Abcam), AKT (1:1,000; ab38449, 
Abcam), HIF-1α (1:2,000; ab2185, Abcam), KLF7 (1:5,000; 
ab197690, Abcam), and GAPDH (1:10,000; ab181602, 
Abcam). �e horseradish peroxidase (HRP)-labeled goat 

Table 2. Primer sequences for RT-qPCR.
Gene Primer sequences (3’-5’)

miR-204
CTGTCACTCGAGCTGCTGGAATG
ACCGTGTCGTGGAGTCGGCAATT

KLF7
ACTGCTTGCTGACAATCTCG
GGTCCCTCACACATCCTTCA

U6
TCTTTGGAATTCAAGGTCGGGCAGGAAGAGGGCCTA
CGCGGATCCTAGTATATGTGCTGCCGAAGC

GAPDH
GAAGGTGAAGGTCGGAGT
GAAGATGGTGATGGGATTTC

Abbreviations: miR-204-microRNA-204; RT-qPCR-reverse transcrip-
tion quantitative polymerase chain reaction; KLF7-Krüppel-like factor 7; 
GAPDH-glyceraldehyde phosphate dehydrogenase
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basolateral chambers, followed by a 24 h culture at 37 °C. 
Following �xation in 4% paraformaldehyde, the chambers 
were stained with crystal violet. �e migrated cells were 
observed using a microscope. �e number of stained cells 
in 10 randomly selected �elds was counted on the surface of 
the membrane in basolateral chambers to detect cell migra-
tion. �e cell invasion was detected using 8 µm Transwell 
chambers with 1 mg/ml Matrigel. �e remaining steps were 
the same as in the migration assay.

Statistical analysis. �e data were displayed as mean ± 
standard deviation, and were compared using t-test between 
two groups or one-way analysis of variance (ANOVA) with 
Bonferroni’s test among multiple groups. �e clinical data 
was tested using the χ2 test. A value of p<0.05 was consid-
ered to be indicative of statistical signi�cance with the help of 
SPSS 21.0 so�ware (IBM Corp., Armonk, NY, USA).

Results

Decreased miR-204 expression in NSCLC contrib-
utes to the NSCLC progression. RT-qPCR validated that 
miR-204 expression was reduced in NSCLC tissues (p<0.05, 
Figure 1A), which was related to the increase of the TNM 
stage (Table 3). High miR-204 expression suggested a higher 
survival rate in NSCLC patients (Figure 1B). RT-qPCR also 
showed that miR-204 expression was lower in NSCLC cells 
relative to BEAS-2B cells, and the lowest level was observed 
in A549 cells (p<0.05, Figure 1C).

To investigate whether miR-204 expression could a�ect 
the NSCLC cell function, A549 cells were transfected with 
miR-204 mimic (with NC mimic as control) or miR-204 
inhibitor (with NC inhibitor as control), respectively. 
RT-qPCR exhibited that miR-204 expression increased in 
A549 cells treated with restored miR-204 and decreased in 
A549 cells treated with depleted miR-204 (p<0.05, Figure 1D). 
Subsequently, the Transwell assay indicated that upregulated 
miR-204 inhibited the migration and invasion of A549 cells, 
whereas depleted miR-204 reversed the trends (Figures 1E, 
1F). Western blot analysis clari�ed that E-cadherin expres-
sion elevated and expression of N-cadherin and Vimentin 
reduced in A549 cells a�er miR-204 upregulation, while 
the results were opposite a�er miR-204 depletion (p<0.05, 
Figure 1G). Altogether, miR-204 expression was decreased 
in NSCLC, and elevated miR-204 inhibited A549 cell EMT, 
migration, and invasion.

miR-204 targets and inhibits KLF7 expression. A 
binding site between miR-204 and KLF7 was predicted using 
Target Scan to further explore the regulatory mechanism of 
miR-204 in NSCLC (Figure 2A). Dual-luciferase reporter 
gene assay showed that luciferase activity of pGL3-KLF7-wt 
was signi�cantly inhibited by miR-204 mimic (p<0.05, 
Figure  2B). In addition, A549 cells were transfected with 
miR-204 mimic (with NC mimic as control) or miR-204 
inhibitor (with NC inhibitor as control), respectively. Upreg-
ulated miR-204 inhibited KLF7 mRNA and protein expres-

anti-rabbit IgG (1:20,000; ab150077, Abcam) secondary 
antibody was cultured with the membrane for 1 h and visual-
ized by chemiluminescence (ECL). ImageJ 1.48u so�ware 
(National Institutes of Health) was used for protein quantita-
tive analysis, and the gray ratio of each protein to the internal 
reference GAPDH was used for protein expression analysis.

Dual-luciferase reporter gene assay. �e binding sites 
between miR-204 and KLF7 were predicted on the website 
(http://www.targetscan.org/vert_72/), the results of which 
were further veri�ed by dual-luciferase reporter gene assays. 
Reporter gene vectors of wild-type and binding site mutated 
(PGL3-KLF7-wt and PGL3-KLF7-mut) were constructed 
and transfected with miR-204 mimic or NC mimic into 
HEK293T cells. Twenty-four hours later, cells were centri-
fuged at 12,000×g for 1 min to collect the supernatant. �e 
Dual-Luciferase® Reporter Assay System (E1910, Promega, 
Madison, WI, USA) was performed to detect luciferase 
activity. Each cell sample was added with �re�y luciferase 
working solution (100 μl) to detect �re�y luciferase activity 
and with Renilla luciferase working solution (100 μl) to detect 
Renilla luciferase activity. �e ratio of �re�y luciferase to 
Renilla luciferase was used as the relative luciferase activity.

Transwell assay for cell migration and invasion. As for 
the Transwell migration assay, 8 µm Transwell chambers 
with polycarbonate �lter (Corning Incorporated, Corning, 
NY, USA) were used. �e transfected cells (5×104) were 
suspended in a 200 μl serum-free medium and added into 
the membrane of the apical chambers, and the exosomes 
suspended in a complete medium were added into the 

Table 3. Correlation of miR-204 expression and clinical data in NSCLC 
patients.
Clinical data miR-204 expression p-value
Gender

Male 1.23±0.11
>0.05

Female 1.14±0.12
Age

≥50 1.13±0.16
>0.05

<50 1.19±0.23
Classi�cation

T1 1.92±0.21

<0.05
T2 1.34±0.15
T3 0.81±0.09
T4 0.27±0.04

N classi�cation
N0 1.58±0.17

< 0.05
N1 0.93±0.09
N2 0.57±0.06
N3 0.19±0.03

M classi�cation
M0 1.47±0.16

< 0.05
M1 0.34±0.06

Abbreviations: NSCLC-non-small-cell lung carcinoma; miR-204-microR-
NA-204
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sion, while depleted miR-204 elevated KLF7 mRNA and 
protein expression (p<0.05) (Figures 2C–2E). �erefore, the 
obtained data suggested that miR-204 could target KLF7 and 
inhibit KLF7 expression.

miR-204 exerts inhibitory e�ects on NSCLC cells by 
targeting KLF7 and regulating the AKT/HIF-1α axis. 
A549 cells were treated with miR-204 mimic and/or vectors 

containing KLF7 to explore the roles of miR-204 and KLF7 
in NSCLC. �e results of RT-qPCR validated that miR-204 
expression increased, and KLF7 mRNA level decreased in 
A549 cells treated with miR-204 mimic (p<0.05). In A549 
cells treated with miR-204 mimic + oe-KLF7, miR-204 expres-
sion showed no change (p>0.05) and KLF7 mRNA level was 
increased relative to cells transfected with miR-204 mimic and 

Figure 1 miR-204 is downregulated in NSCLC and upregulated miR-204 inhibits A549 cell malignant phenotype. A) miR-204 expression in NSCLC and 
adjacent tissues determined by RT-qPCR. B) Correlation between miR-204 and survival rate of LUAD and LUSC in TCGA predicted using the Kaplan-
Meier plotter website. C) miR-204 expression in BEAS-2B, A549, H1299, HCC2935, and ACC-LC-170 cells determined by RT-qPCR. A549 cells were 
treated with miR-204 mimic (with NC mimic as control) and miR-204 inhibitor (with NC inhibitor as control), respectively. D) miR-204 expression 
a�er transfection in A549 cells assessed by RT-qPCR. E–F) A549 cell migration (E) and invasion (F) evaluated by Transwell assay; scale bars: 50 µm. 
G) Protein levels of E-cadherin, N-cadherin, and Vimentin detected by western blot analysis. *p<0.05 vs. adjacent normal tissues or BEAS-2B cells. 
#p<0.05 vs. A549 cells transfected with NC mimic. &p<0.05 vs. A549 cells transfected with NC inhibitor. Data (mean ± standard deviation) between two 
groups were compared by unpaired t-test, while data among multiple groups were compared using two-way ANOVA, followed by Bonferroni’s multiple 
post hoc test. Each assessment was done in triplicate with 3-time repetition to ensure minimum deviation; n=61.
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oe-NC (p<0.05, Figure 3A). Western blot analyses presented 
that KLF7 expression reduced in A549 cells treated with 
miR-204 mimic and elevated in A549 cells following overex-
pression of miR-204 and KLF7 (p<0.05, Figures 3B, 3C).

Transwell migration (Figure 3D) and Transwell invasion 
assay (Figure 3E) exhibited the cellular capabilities of 
migration and invasion were suppressed by the treatment 
of miR-204 mimic alone, while A549 cell migration and 
invasion were facilitated by the treatment of miR-204 mimic 
and vectors containing KLF7 (p<0.05). In addition, it has 
been demonstrated that KLF5 could enhance the drug resis-
tance of NSCLC by upregulating AKT/HIF-1α expression 
[22]. Moreover, our western blot results revealed upregulated 
E-cadherin expression, along with downregulated expression 
of N-cadherin, Vimentin, p-AKT/AKT, and HIF-1α in cells 
in the presence of miR-204 mimic, and A549 cells treated 
with miR-204 mimic and vectors containing KLF7 exhibited 
the reverse trends (p<0.05, Figure 3F). Given the aforemen-
tioned �ndings, the tumor-suppressive e�ects of miR-204 on 
NSCLC cells and the AKT/HIF-1α axis could be restored by 
upregulated KLF7.

hMSCs and exosomes are successfully extracted. �e 
highly expressed miRNAs in MSCs-derived exosomes in the 

EvmicroRNA database and the poorly expressed miRNAs in 
LUAD in the OncomiR database were retrieved. A total of 
14 miRNAs, including miR-204, were screened out (Figure 
4A), which suggested that miR-204 might be derived from 
hMSCs-derived exosomes. To verify the source of miR-204, 
we isolated hMSCs and identi�ed the expression of surface 
antigens by �ow cytometry. �e �ndings showed that CD44, 
CD73, CD90, CD105 were positive, and CD45, CD14, CD19 
were negative (Figure 4B). �e isolated hMSCs were cultured 
and induced for adipogenic di�erentiation. Oil red O staining 
identi�ed that hMSCs underwent adipogenic di�erentia-
tion (Figure 4C). In addition, hMSCs also induced osteo-
genic di�erentiation, and alizarin red staining showed that 
the isolated hMSCs had osteogenic di�erentiation potential 
(Figure 4D). �ese �ndings proved that hMSCs were isolated 
successfully.

In addition, oval-shaped membrane vesicles were found 
in cultured hMSCs (Figure 4E). Based on the analysis 
of Zetasizer nano ZS, the size distribution of exosomes 
produced by hMSCs was about 62 nm (Figure 4F). Moreover, 
the expression of CD81, CD63, and TSG101 was increased in 
extracted exosomes, and calnexin showed no positive expres-
sion (Figure 4G). �ese �ndings demonstrated that exosomes 

Figure 2 miR-204 could target KLF7 and suppresses KLF7 expression. A) �e binding sites between miR-204 and KLF7 predicted using Target Scan. 
B) Target relationship between miR-204 and KLF7 detected using dual-luciferase reporter gene assay. A549 cells were treated with miR-204 mimic 
(with NC mimic as control) and miR-204 inhibitor (with NC inhibitor as control), respectively. C) KLF7 mRNA level in A549 cells determined by RT-
qPCR. D–E) KLF7 protein band patterns (D) and protein level (E) in A549 cells detected by western blot analysis. *p<0.05 vs. A549 cells treated with 
NC mimic. #p<0.05 vs. A549 cells treated with NC inhibitor. Data (mean ± standard deviation) between two groups were analyzed by unpaired t-test, 
while data among multiple groups were analyzed using two-way ANOVA, followed by Bonferroni’s multiple post hoc test. �e experiment was repeated 
three times independently.
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were successfully isolated from hMSCs. �en, we detected 
the expression of miR-204 in exosomes using RT-qPCR, and 
we found that there was a signi�cant enrichment of miR-204 
in exosomes (Figure 4H).

Exosomal miR-204 is delivered by hMSCs into A549 
cells. �e exosomes isolated from hMSCs were co-cultured 
with A549 cells to con�rm whether A549 cells can take up 
the exosomes. Exosomes were labeled with Dil, and A549 

Figure 3 miR-204 inhibits A549 cell malignant phenotype by downregulating the KLF7/AKT/HIF-1α axis. A549 cells were treated with miR-204 mimic 
and vectors containing KLF7 (with miR-204 mimic + oe-NC as control). A) KLF7 mRNA level in A549 cells determined by RT-qPCR. B) KLF7 protein 
band patterns in A549 cells assessed by western blot. C) KLF7 protein level in A549 cells determined by western blot. D–E) A549 cell migration (D) 
and invasion (E) were detected by Transwell assay; scale bars: 50 µm. F) Protein levels of E-cadherin, N-cadherin, Vimentin, p-AKT/AKT, and HIF-1α 
evaluated by western blot analysis. *p<0.05 vs. A549 cells treated with NC mimic + oe-NC. #p<0.05 vs. A549 cells treated with miR-204 mimic + oe-NC. 
Data (mean ± standard deviation) between two groups were analyzed by unpaired t-test, while data among multiple groups were analyzed using two-
way ANOVA, followed by Bonferroni’s multiple post hoc test. �e experiment was repeated three times independently.
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cells were labeled with Hoechst. A�er 48 h of incubation, the 
uptake of exosomes by A549 cells was detected by immuno-
�uorescence (Figure 5A), which validated that A549 cells 
could phagocytose exosomes. �e hMSCs transfected with 
miR-204 mimic were co-cultured with A549 cells to con�rm 

that miR-204 was secreted from hMSCs-derived exosomes. 
First, we examined the expression of miR-204 in hMSCs-
derived exosomes using RT-qPCR. We found that the expres-
sion of miR-204 was signi�cantly increased in exosomes 
derived from hMSCs transfected with miR-204 mimic 

Figure 4 hMSCs and their derived exosomes were successfully isolated. A) �e retrieval of the highly expressed miRNAs in MSCs-derived exosomes 
in the EvmicroRNA database and the poorly expressed miRNAs in LUAD in the OncomiR database. B) �e expression of surface antigens of hMSCs 
was identi�ed by �ow cytometry. C) �e adipogenic di�erentiation of hMSCs was detected by oil red O staining; scale bar: 50 µm. D) Osteogenic dif-
ferentiation of hMSCs was detected alizarin red staining; scale bar: 50 µm. E) Morphology of exosomes under a TEM; scale bar: 200 nm. F) �e size 
distribution of exosomes was detected by NTA. G) Representative western blots of exosome marker proteins in hMSCs. H) miR-204 expression in 
hMSCs-derived exosomes and PBS by RT-qPCR. *p<0.05 vs. PBS treatment. Data (mean ± standard deviation) between two groups were analyzed by 
unpaired t-test. �e experiment was repeated three times independently.
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(Figure 5B). Subsequently, the exosome release was inhib-
ited by treating the hMSCs with GW4869, and the expres-
sion of miR-204 and KLF7 mRNA in A549 cells was detected 
by RT-qPCR a�er co-culture with hMSCs (Figure 5C). �e 
results revealed that miR-204 expression increased and 

KLF7 mRNA level decreased in A549 cells co-cultured with 
hMSCs transfected with miR-204 mimic and DMSO, while 
the addition of GW4869 led to lower miR-204 expression 
and higher KLF7 mRNA in cells (p<0.05), suggesting that 
hMSCs-derived exosomes carried miR-204 into A549 cells.

Figure 5 miR-204 can be transferred into NSCLC cells by exosomes derived from hMSCs. A549 cells were co-cultured with hMSCs transfected with 
miR-204 mimic or NC mimic and treated with GW4869 or DMSO. A) Uptake of exosomes in A549 cells by immuno�uorescence; scale bars: 20 µm. 
B) miR-204 expression in hMSCs-derived exosomes by RT-qPCR. C) miR-204 expression and KLF7 mRNA level in A549 cells a�er co-culture deter-
mined by RT-qPCR. �e hMSCs + miR-204 mimic (with hMSCs + NC mimic as control) and exo + miR-204 mimic (with exo + NC mimic as control) 
were co-cultured with A549 cells, respectively. D–E) A549 cell migration (D) and invasion (E) were detected by Transwell assay; scale bars: 50 µm. F) 
Protein levels of E-cadherin, N-cadherin, and Vimentin detected by western blot analysis. *p<0.05 vs. A549 cells co-cultured with hMSCs treated with 
NC mimic + DMSO or exo + NC mimic. #p<0.05 vs. A549 cells co-cultured with hMSCs treated with miR-204 mimic + DMSO. &p<0.05 vs. A549 cells 
co-cultured with hMSCs treated with NC mimic. $p<0.05 vs. A549 cells co-cultured with exosomes derived from hMSCs treated with NC mimic. Data 
(mean ± standard deviation) between two groups were analyzed by unpaired t-test, while data among multiple groups were analyzed using two-way 
ANOVA, followed by Bonferroni’s multiple post hoc test. �e experiment was repeated three times independently.
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When A549 cells were co-cultured with hMSCs overex-
pressing miR-204 or hMSCs-derived exosomes, respectively, 
there was a signi�cant reduction in the migration and invasion 
abilities of A549 cells (Figures 5D, 5E). Subsequently, we used 
western blot to detect the expression of EMT-related factors 
in A549 cells a�er co-culture. �e expression of E-cadherin 
was signi�cantly upregulated, whereas N-cadherin and 
Vimentin were signi�cantly reduced in A549 cells a�er 
co-culture with hMSCs overexpressing miR-204 or hMSCs-
derived exosomes (Figure 5F). Notably, the inhibitory e�ects 
on cell migration, invasion, and EMT were more pronounced 
in hMSCs-derived exosomes.

miR-204 inhibitor impairs the inhibitory e�ect of 
hMSCs-derived exosomes on the aggressiveness of A549 
cells. To further verify the role of hMSCs-derived exosomes 
in inhibiting the aggressiveness of A549 cells by carrying 
miR-204, we transfected miR-204 inhibitor as well as the 

corresponding inhibitor NC into A549 cells and veri�ed the 
transfection e�ciency by RT-qPCR (Figure 6A). A549 cells 
were subsequently treated with hMSCs-derived exosomes. 
We found a signi�cant increase in the expression of KLF7 in 
the cells a�er treatment with miR-204 inhibitor (Figure 6B). 
Subsequently, we further examined the altered cell migra-
tion and invasion abilities using Transwell assays. �e inhib-
itory e�ects of hMSCs-derived exosomes on the migration 
and invasion of A549 cells were signi�cantly diminished 
a�er the suppression of miR-204 expression in A549 cells 
(Figures 6C, 6D).

Discussion

NSCLC represents the main reason for cancer-related 
mortality worldwide, with an unsatis�ed survival rate despite 
advancements in the therapies [23]. Exosomes continue 

Figure 6 miR-204 inhibitor impairs the inhibitory e�ect of hMSCs-derived exosomes on A549 cell malignant phenotype. miR-204 inhibitor and the 
corresponding inhibitor NC were transfected into A549 cells. A) miR-204 expression in A549 cells a�er transfection by RT-qPCR. B) KLF7 mRNA level 
in A549 cells a�er transfection and co-culture determined by RT-qPCR. C-D) A549 cell migration (C) and invasion (D) were detected by Transwell 
assay; scale bars: 50 µm. **p<0.01 vs. A549 cells transfected with inhibitor NC or A549 cells transfected with inhibitor NC and co-transfected with 
hMSCs-derived exosomes. Data (mean ± standard deviation) between two groups were analyzed by unpaired t-test. �e experiment was repeated three 
times independently.
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to be an area of research interest owing to their ability to 
carry miRNAs and their potential as prospective diagnostic 
markers for lung cancer [24]. �e role of miR-204 from 
the MSCs-derived exosome in NSCLC was explored and 
it was demonstrated that miR-204 from the MSCs-derived 
exosomes could regulate NSCLC cell malignant phenotype 
via the KLF7/AKT/HIF-1α axis.

Our initial observations revealed that miR-204 was 
poorly expressed in NSCLC, which was related to the poor 
survival rate of NSCLC patients. miR-204 was downregu-
lated in various human cancers, such as liver cancer [25], 
head and neck squamous cell carcinoma [26], in addition 
to cervical cancer [27], suggesting that elevated miR-204 
acts as a tumor inhibitor. As expected, overexpression of 
miR-204 was found to inhibit A549 cell EMT, migration, 
and invasion in our study. Similarly, miR-204 expression was 
decreased in NSCLC, and the overexpression of miR-204 
inhibited the invasive and migratory capacities of NSCLC 
cells [13]. miR-204 downregulation was related to a higher 
invasion risk and poor prognosis of NSCLC su�erers, and the 
augmentation of miR-204 inhibited NSCLC metastasis [28]. 
miR-204-5p restoration also exerted a suppressive impact 
on the cervical cancer cell viability, invasion, migration, 
and EMT process [29]. Besides, miR-204 overexpression 
restrained cell invasion, migration, and EMT by upregulating 
E-cadherin and downregulating N-cadherin and Vimentin 
expression in gastric cancer [30], oral squamous cell carci-
noma, [31] as well as NSCLC [32]. �erefore, these �ndings 
support that miR-204 could be considered as a possible 
biomarker to hamper NSCLC progression.

Moreover, this study demonstrated that miR-204 targeted 
KLF7 and miR-204 elevation consequently suppressed its 
expression. KLF7 was highly expressed in NSCLC, which 
contributed to the EMT event in NSCLC [33]. In addition, we 
provided evidence in the present investigation that miR-204 
exerted inhibitory e�ects in A549 cell EMT, migration, and 
invasion by inhibiting KLF7 via inactivation of the AKT/
HIF-1α axis. A recent study has demonstrated that KLF5 
could enhance the drug resistance of NSCLC cells by upregu-
lating the AKT/HIF-1α expression [22]. HIF-1α, upregulated 
in NSCLC, expedited the progression of NSCLC by facili-
tating cell proliferation and metastasis [18]. Qian et al. have 
proved that the depleted HIF-1α inhibited the NSCLC cell 
proliferation and invasion via the impairment of AKT [19]. 
�e AKT pathway could elevate HIF-1α protein levels, and 
the extent of AKT phosphorylation was positively related 
to HIF-1α expression in NSCLC [20]. AKT was implicated 
in NSCLC by regulating cell proliferation and metastasis 
[34]. Moreover, enforced expression of miR-204 sensitized 
NSCLC cells to mitochondrial apoptosis induced by cisplatin 
through suppression of the caveolin-1/AKT pathway [35]. 
�erefore, we could conclude that overexpression of the 
KLF7/AKT/HIF-1α axis was correlated with the accelerated 
progression of NSCLC. Interestingly, adipose mesenchymal 
stem cell-derived exosomes upregulated the phosphorylation 

of AKT and the expression of HIF-1α in HaCaT cells, thus 
expediting wound healing [36]. Nevertheless, the regulation 
of KLF7 on the AKT/HIF-1α axis has not been investigated 
in the current study, which awaits further validation.

Furthermore, it was con�rmed that hMSCs-derived 
exosomes delivered miR-204 into NSCLC cells, and miR-204 
encapsulated in MSCs-derived exosomes could inhibit 
NSCLC cell malignant phenotype. MSCs are implicated in 
multiple tumor-promoting processes, including EMT and 
metastasis [5]. More recently, a study has found that MSCs 
have a strong exosomal secretion capacity [7]. Exosomes 
are small vesicles composing of lipids, proteins, and small 
RNAs that can convey proteins, DNA, mRNAs, and miRNAs 
to surrounding cells and act as a medium for intercellular 
communication [37]. Interestingly, bone marrow MSCs-
derived exosomes are capable of restraining NSCLC cell 
malignant phenotype in vitro and inhibiting the tumor 
growth in vivo by delivering miR-144 to NSCLC cells [38]. 
Exosomal miR-204-3p regulating EMT in pancreatic cancer 
has also been con�rmed [39]. In our study, MSCs-derived 
exosome-shuttled miR-204 was found to suppress NSCLC 
progression via the mediation of the KLF7/AKT/HIF-1α axis.

Overall, this study showed that MSCs-derived exosome-
encapsulated miR-204 could potentially inhibit the cell malig-
nant phenotype in NSCLC by regulating the KLF7/AKT/
HIF-1α axis, suggesting that miR-204 may be a promising 
biomarker for NSCLC diagnosis. Further investigation into 
the speci�c regulatory mechanisms of KLF7 on the AKT/
HIF-1α axis in NSCLC will be summarized in our next study. 
Moreover, animals should be adopted to validate the e�ects 
of exosomal miR-204 mimic in vivo in future studies.
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